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Edited by Judit Ova´diAbstract Acyl-homoserine lactones (acyl-HSLs) have emerged
as important regulatory molecules for many gram-negative bac-
teria. We have found thatMethylobacterium extorquens AM1, a
member of the pink-pigmented facultative methylotrophs
commonly present on plant surfaces, produces several acyl-HSLs
depending upon the carbon source. A novel HSL was discovered
with a double unsaturated carbon chain (N-(tetradecenoyl))
(C14:2) and characterized by MS and proton NMR. This
long-chain acyl-HSL is synthesized by MlaI that also directs
synthesis of C14:1-HSL. The Alphaproteobacterium also pro-
duces N-hexanoyl-HSL (C6-HSL) and N-octanoyl-HSL (C8-
HSL) via MsaI.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The mechanism of quorum sensing (QS) involves synthesis
and accumulation, in a given environment of low-molecular-
weight signal molecules. This allows for coordinated expres-
sion of genes involved in speciﬁc physiological processes, such
as motility, bioﬁlm diﬀerentiation, and the production of viru-
lence factors in plant and animal pathogens [1]. Many gram-
negative bacteria use N-acyl-homoserine lactones (acyl-HSL)
as the QS signal molecules. Acyl-HSLs vary in the acyl group
length (4–18 carbons), in the substitution on the third carbon
(hydrogen, hydroxyl or oxo group), and in the presence or ab-
sence of a double bond in the acyl chain. These diﬀerences con-
fer signal speciﬁcity through the aﬃnity of transcriptional
regulators of the LuxR family [2].
Since QS becomes important when bacteria form a commu-
nity in a speciﬁc environment and since methylotrophic bacte-
ria tend to form aggregates on the surfaces of the aerial parts of
plants [3], we were interested to examine whether acyl-HSLs are
produced in the model pink-pigmented facultative methylo-
troph (PPFM)Methylobacterium extorquens AM1 whose draftAbbreviations: QS, quorum sensing; acyl-HSL, Acyl-homoserine lac-
tone; LC–MS, Liquid chromatography mass spectrometry
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ics.com/genomereleases.html#6). The PPFMs are common leaf
epiphytes that potentially dominate the phyllospheric bacterial
population [4], and their presence may be beneﬁcial to the
plants by the means of production of indoleacetic acid, cytoki-
nins, and vitamin B12 [5,6]. In term, PPFMs seem to proﬁt
frommethanol produced by plants [3], by means of methylotro-
phy [7,8]. Some Methylobacterium strains have been found to
form endophytic and endosymbiontic relationships with plants
[9–11].
Here we show for the ﬁrst time that a member of the genus
Methylobacterium, M. extorquens AM1, possesses two QS sys-
tems and that the strain produces a novel type of HSL contain-
ing a double unsaturated acyl chain.2. Materials and methods
2.1. Extraction and detection of acyl-HSLs
M. extorquens AM1 was routinely grown aerobically at 28 C in a
minimal medium [12] and centrifuged at 3000 · g for 10 min. Concen-
trated extracts were prepared from the supernatant as described before
[13]. Bioassays were developed using Agrobacterium tumefaciens NTL4
(pCF218)(pCF372) [14], Chromobacterium violaceum CV026 [15], and
Pseudomonas putida F117 (pKR-C12) [16] as described. Synthetic
acyl-HSLs were purchased from Fluka.
2.2. Puriﬁcation of acyl-HSLs
Concentrated extracts from culture supernatants of M. extorquens
AM1 were applied to a C8 reverse-phase semi-preparative HPLC col-
umn (Uptisphere C8, 250 · 7.8 mm reverse-phase column, particle size
5 lm, Interchim, France) and eluted with a linear gradient of acetoni-
trile in water (20–100%) at a ﬂow rate of 2 mL min1 over a 30-min
period monitoring at 191 and 210 nm. The eluant was collected as
0.5 ml fractions, and positive fractions were identiﬁed using agar plate
bioassays. Short-chain acyl-HSLs were re-chromatographed in gradi-
ent conditions (20–30% acetonitrile). Hydrophobic positive fractions
were subfractionated using isocratic conditions (60% acetonitrile). Ac-
tive fractions were analyzed by liquid chromatography mass spectrom-
etry (LC–MS) and 1H NMR.
2.3. Identiﬁcation of acyl-HSLs
Identiﬁcation was based on MS–MS fragmentation product ions
and was performed essentially as described [17]. Brieﬂy, an Agilent
Technologies Series 1100 vacuum degasser, LC pump, autosampler
(Hewlett-Packard, Germany) and an analytical C18 reversed-phase
column (Agilent Hypersil ODS, 250 · 4.6 mm, particle size 5 lm,
Interchim, France) were used. The elution procedure consisted of anblished by Elsevier B.V. All rights reserved.
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rate of 0.4 mL min1, followed by a linear gradient from 50% to
90% methanol in water over 15 min, and an isocratic proﬁle over
25 min. Detection was performed using electrospray ionization ion
trap mass spectrometry (ESI-MS) using a Bruker Esquire-LC spec-
trometer (Bruker Daltonic, Germany) under positive-ion conditions.
The electrospray used nitrogen as both nebulizing gas at the pressure
of 15 psi (1 psi = 6894.76 Pa) and drying gas (ﬂow of 7 mL per min).
Proton nuclear magnetic resonance (1H NMR) were recorded in
CDCl3 with an Avance DMX500 spectrometer (Bruker) operating at
298 K. Spectra were acquired with 4K and 24K scans, respectively,
for C14:2-HSL and C14:1-HSL, into 18k data points across a spectral
width of 6250 Hz, using a relaxation delay of 1 s. A line broadening
apodization function of 0.3 Hz was applied to the free induction decay
(FID) prior to Fourier transform. Chemical shift are presented in d
values relative to tetramethylsilane (TMS).2.4. Mutant generation
Deletion mutations were generated in two genes predicted to encode
LuxI homologs, RMQ02395 and RMQ10089, using the suicide vector
pCM184 essentially as described [18].Fig. 1. Bioassays of extracts from methanol-grown M. extorquens
AM1. (A) TLC developed with A. tumefaciens NTL4 (pCF218)
(pCF372) [14] as indicator strain. Synthetic acyl-HSLs were included
as reference compounds. Lane 1, C6-HSL (1.25 · 109 mol); lane 2,
C8-HSL (1.25 · 109 mol); lane 3, concentrated extract (250 times
concentrated; 1 ll) from M. extorquens AM1. The identity of the acyl-
HSL as C6- and C8-HSL was conﬁrmed by MS and MS–MS analysis
(see text). B. Petri plate showing gfp-expression from samples derived
from M. extorquens AM1 using P. putida F117 (pKR-C12) [16] as
indicator strain. Spot a, crude extract; spots b and c, positive fraction
after HPLC separation (identiﬁed as C14:1- and C14:2-HSL by MS,
MS–MS, and 1H NMR analysis (see text)); spot d, negative control
using extracted minimal medium.3. Results
3.1. Detection of acyl-HSLs in methanol-grown M. extorquens
AM1 cultures
Concentrated supernatant extracts fromM. extorquens AM1
cultures grown in the presence of methanol to early stationary
growth phase were bioassayed for the production of acyl-HSL.
The screening included the reporter strains A. tumefaciens
NTL4 [14], C. violaceum CV026 [15], and P. putida F117
[16], and all the three strains showed positive results for M.
extorquens AM1 extracts on plates. In order to determine the
number and identity of acyl-HSLs produced we subjected ex-
tracts to separation procedures using TLC and analytical
HPLC. TLC and the subsequent use of bioassays with the indi-
cator strains A. tumefaciens NTL4 (Fig. 1A) and C. violaceum
CV026 (not shown) revealed the presence of two active mole-
cules. A comparison of the relative mobilities (Rf value) with
commercially available acyl-HSL standards, revealed migra-
tions undistinguishable from the two standards C6-HSL and
C8-HSL, respectively (Fig. 1A). Both indicator strains are
known to detect these types of acyl-HSL [14,15].
Although a positive result was obtained in plate bioassays
using P. putida F117 [16], no spots were observed in the TLC
assay with either M. extorquens AM1 extracts or with the
acyl-HSL standards. Thus the use of this strain was restricted
to bioassays in plates after analytical HPLC (Fig. 1B). These
analyses revealed the presence of two additional hydrophobic
acyl-HSLs that eluted close to each other at approximately
85% acetonitrile. From these bioassays we concluded that
M. extorquens AM1 likely produces both short- and long-
chain auto-inducer molecules. Their chemical characteristics
are described below.3.2. Identiﬁcation of two acyl-HSLs inM. extorquens AM1 that
are widely distributed among proteobacteria: C6-HSL and
C8-HSL
Our ﬁrst objective was to conﬁrm the identity of the mole-
cules that migrated with Rf values undistinguishable from
C6-HSL and C8-HSL standards. The putative acyl-HSLs were
puriﬁed from culture supernatants using preparative HPLC
and then subjected to mass spectrometry (MS) and tandemmass spectrometry (MS–MS) analyses. The analysis of the
putative C6-HSL indicated a molecule with a pseudomolecular
ion [M+H]+ peak at m/z 200, with fragmentation ions at m/z
102 and m/z 99 (corresponding to an acyl chain with six car-
bons) and m/z 182 and 172 ([M+H-18]+ and [M+H-28]+ ions)
(data not shown). The putative C8-HSL generated a pseudo-
molecular ion [M+H]+ peak at m/z 228, with fragmentation
ions at m/z 102 (corresponding to the HSL ring) and m/z 127
([M+H-101]+ ion corresponding to an acyl chain of eight car-
bons), m/z 210 ([M+H-18]+ ion) and m/z 200 ([M+H-28]+ ion).
These spectra were essentially identical to those of the syn-
thetic products. Thus, the identity of the short-chain acyl-
HSLs could clearly be conﬁrmed as C6- and C8-HSLs. These
have been previously found in a number of Gram-negative
proteobacteria [1,2].
3.3. Structural analysis of two acyl HSLs with a single and a
double unsaturated C14 acyl side chain: C14:1-HSL and
C14:2-HSL
As mentioned above, analytical HPLC-separation in com-
bination with P. putida F117 plate-tests revealed the presence
of two hydrophobic auto-inducer molecules. We puriﬁed
these putative acyl-HSLs using preparative HPLC. The mass
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pseudomolecular ions at [M+H]+ and [M+Na]+ peaks at m/z
310 and m/z 332, respectively, with major fragmentation ions
at m/z 102, and m/z 209 and minor ions at m/z 292, 282, 264
and 191 (Fig. 2A). An unsaturated acyl-HSL showing the
same fragmentation pattern was previously described for
Rhodobacter sphaeroides and identiﬁed as C14:1-HSL (cis-
N-(7-tetradecenoyl)homoserine lactone) [19]. To conﬁrm the
identity of C14:1-HSL in extracts of M. extorquens AM1,
we performed 1H NMR analysis (Fig. 3). By comparison with
the 1H NMR analysis of C14:1-HSL previously reported [19],
the proton resonances corresponding to both the HSL and
the acyl chain moieties were unambiguously assigned (Fig
3). The HSL ring was clearly identiﬁed, the a, b–b 0, c–c 0 pro-
tons were, respectively, assigned to 4.52, 2.88–2.10 and 4.47–
4.28 ppm. 2D COSY spectrum conﬁrmed this assignment
since correlations were observed for a with b–b 0, and b 0 with
b and c 0 (data not shown). Concerning the acyl chain, the
presence of the double bond in cis conﬁguration was con-
ﬁrmed by two overlapped methine protons at 5.34 ppm.
Therefore, the 1H NMR spectrum is consistent with a mole-
cule containing an HSL moiety and an acyl chain with 14
carbons in length with one cis-unsaturated carbon–carbon
bond (cis-N-(7-tetradecenoyl)homoserine lactone) as de-
scribed for the auto-inducer produced by R. sphaeroides [19].Fig. 2. Electrospray ionization mass analysis for C14:1-HSL and C14:2-HSL
MS (inset) of C14:1-HSL (A). MS and MS–MS (inset) of C14:2-HSL (B).The mass spectrum of the second active molecule that we de-
tected with P. putida F117 exhibited a pseudomolecular ion
[M+H]+ peak at m/z 308 (Fig. 2B). This mass could not be
attributed to any known acyl-HSLs. The diﬀerence of two
mass units with respect to C14:1-HSL is characteristic and
led to the hypothesis that the molecule possessed a double
unsaturated acyl chain. The product-ion spectrum derived
from the m/z 308 corresponded to that of C14:2-HSL. It
showed the expected ions: the lactone ring at m/z 102, the
[M+H-101]+ ion at m/z 207 and other minor peaks at m/z
290, 280, 262 and 189 ([M+H-28]+, [M+H-18]+, [M+H-18-
28]+ and [M+H-101-18]+ ions, respectively) (Fig. 2B). The
1H NMR spectrum was similar to that of other acyl-HSL
and all the protons could be unambiguously assigned
(Fig. 3). As suggested by MS analysis, the comparison with
the C14:1-HSL revealed two partially overlapping signals from
oleﬁnic protons at 5.3 ppm (integrating for 2 protons in the
acyl chain moiety) indicating the presence of a double bond
in the fatty acid chain. Double bonds in acyl chain moieties
have been previously described for the small bacteriocin pro-
duced by Rhizobium leguminosarum [20,21], the C14:1-HSL
produced by R. sphaeroides [19] and was also observed for
the C14:1-HSL from M. extorquens AM1 (Fig. 3). Compared
to the NMR resonances of C14:1-HSL, the two new proton
resonances in the oleﬁnic chemical shift range display morepuriﬁed from M. extorquens AM1 culture supernatant. MS and MS–
Fig. 3. 1H NMR spectra corresponding to the acyl chains of C14:1-
HSL (a) and C14:2-HSL (b) puriﬁed fromM. extorquens AM1 culture
supernatant. The corresponding chemical structures are shown below
the spectra, together with the resonance assignments.
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with the presence of an additional double bond in the acyl
chain conjugated with the carbonyl group. This double bond
is indicated by two signals at 5.82 ppm (doublet with a cou-
pling constant of 15 Hz, integrating for one proton) and
6.91 ppm (dt: 3JHH = 15 Hz (d) and
3JHH = 7 Hz (t), integrat-
ing for one proton) characteristic of an a–b unsaturated ketone
and assigned, respectively, to protons in a and b positions of
the carbonyl group. The signals at 5.92 and 6.91 ppm were
coupled to each other with a coupling constant of 15 Hz indi-
cating a trans conﬁguration of this double bond, in contrast to
the double bond in cis conﬁguration for C14:1-HSL. 2D-
COSY spectrum conﬁrmed the assignment, since the doublet
at 5.82 ppm correlated with the proton at 6.91 ppm, and thelatter was coupled to the methylene group at 2.21 ppm. The
analysis of the signal at 1.33 and 1.28 ppm corresponding to
aliphatic groups indicates that the other double bond is sym-
metrically positioned relative to the a–b double bond and
the terminal methyl group as found for C14:1-HSL. The pres-
ence of this second double bond in the carbon chain explains
the diﬀerence in the values of m/z for the molecule and its car-
bon chain with respect to C14:1-HSL. Considering the MS,
MS–MS and 1H NMR analyses, our results indicate that M.
extorquens AM1 produces a novel type of acyl-HSL with a
double unsaturated 14-carbon acyl group (C14:2-HSL).3.4. C6-HSL and C8-HSL rather than C14:1 and C14:2 are
produced under non-methylotrophic growth conditions
We were interested to determine whether the production of
auto-inducer molecules depends on the carbon source of the
facultative methylotroph. M. extorquens AM1 was grown in
minimal medium supplemented with either methanol or succi-
nate, and also in the presence of both substrates. Culture sam-
ples were taken at regular time intervals and cell-free culture
supernatants were analyzed with the three diﬀerent biosensor
strains, as described above. When cells were grown in the pres-
ence of methanol, C6 and C8-HSL were detected in concen-
trated extracts starting in early exponential growth phase,
whereas C14:1- and C14:2-HSL were detected in extracts start-
ing in mid-exponential growth phase (Fig. 4). When cells were
grown in the presence of succinate, C6- and C8-HSL-produc-
tion were observed in early-to-mid exponential growth phase.
However, their presence was transient, declining to undetect-
able levels in the stationary phase of growth (Fig. 4). It has
been reported that acyl-HSLs are unstable at basic pH due
to lactonolysis [22]. We observed that the pH ofM. extorquens
AM1 cultures in standard minimal medium containing succi-
nate as sole carbon source rose from the initial pH of 6.8 to
a pH of 8.3 after 55 h of growth, potentially causing lactonol-
ysis. To test this hypothesis, we grew M. extorquens AM1 in
succinate-containing minimal medium supplemented with
50 mM Mops. Under these conditions the pH of the medium
only increased to 7.6, and C6- and C8-HSLs could be detected
throughout the stationary phase of growth (Fig. 4). In contrast
to the short-chain acyl-HSLs, the unsaturated long-chain acyl-
HSLs (C14:1- and C14:2-) could not be detected either during
growth in the presence of succinate, even if the medium was
supplemented with Mops (Fig. 4). However, whenM. extorqu-
ens AM1 was grown in the presence of both succinate and
methanol, all four acyl-HSLs were detected, thus suggesting
diﬀerent expression of these acyl-HSLs depending upon the
presence of methanol.3.5. Identiﬁcation of the genes directing acyl-HSL synthesis in
M. extorquens AM1
We searched the draft genomic database of M. extorquens
AM1 (http://www.integratedgenomics.com/genomereleases.
html#6) for the presence of genes homologous to luxI from
Vibrio ﬁscheri [23], using BLAST analysis for the presence of
putative acyl-HSL synthetase genes. Two luxI homologs were
identiﬁed: RMQ02395 and RMQ10089. The former is pre-
dicted to encode a protein with a sequence identity of 26%
and the latter of 20% sequence identity with LuxI from V. ﬁsc-
heri. Both genes were located adjacent to genes (RMQ03766
and RMQ10088) predicted to encode putative LuxR-type
Fig. 4. (A) Detection of acyl-HSLs as a function of growth of M.
extorquens AM1 in minimal media using A. tumefaciens NTL4
(pCF218)(pCF372) [14] after TLC separation and P. putida F117
(pKR-C12) [16] after HPLC separation and fractionation in microtiter
plates as indicator strains. Time points of sampling are indicated below
the lower panel. (B) Growth (expressed as logOD600) as a function of
time for M. extorquens AM1 cultivated in minimal media supple-
mented with methanol (r), sodium succinate (j), sodium succi-
nate + Mops (h), methanol + succinate (m).
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(RMQ08386 and RMQ08387) were found on a diﬀerent contig
of the draft sequence, not linked to luxI genes.
We constructed deletion mutants of RMQ02395 and
RMQ10089. Both mutants grew in the presence of methanol
and succinate as sole carbon sources, and growth curves ob-
tained for the mutant strains were essentially identical to the
growth curves of the wild type indicating no obvious growth
deﬁciencies of the putative luxI mutants.
We then analyzed the production of acyl-HSLs in the meth-
anol-grown cultures. In concentrated extracts from the
DRMQ10089 strain, we were not able to detect either C6-
HSL or C8-HSL, whereas the C14-HSL derivatives were
detectable. In concentrated extracts of the DRMQ02395
strain, neither C14:1- nor C14:2-HSL were found, whereas
C6-HSL and C8-HSL were detectable. These results indicate
that RMQ02395 is responsible for the synthesis of the long-
chain acyl-HSLs, whereas RMQ10089 is responsible for the
synthesis of the short-chain acyl-HSLs. With this knowledge
we designated RMQ02395 as mlaI (for Methylobacterium
long-chain acyl-HSLs) and RMQ10089 as msaI (for Methylo-
bacterium short-chain acyl-HSLs). Whereas the concentrations
of C6-HSL and C8-HSL in culture supernatants of the DmlaI
mutant were undistinguishable from wild type concentrations,
the levels of both C14:1-HSL and C14:2-HSL in the DmsaI
mutant were reduced to about 20% compared to wild type
concentrations, suggesting that the two systems may be inter-
connected. Multiple interconnected Lux systems have been
previously identiﬁed (e.g. in V. ﬁscheri, R. leguminosarum
and P. aeruginosa) [2].4. Discussion
Our results indicate that the facultative methylotrophic bac-
teriumM. extorquens AM1 possesses two probably interlinked
QS systems and produces four acyl-HSL molecules. One of
these is an acyl-HSL with a structural feature that as far as
we know has not been described before. Employing MS,
MS–MS, and 1H NMR analyses, we have clearly demon-
strated that this novel acyl-HSL molecule has an acyl chain
with two double bonds (C14:2-HSL). It can be detected with
the biosensor strain P. putida F117 (pKR-C12) previously only
known to detect 3-Oxo-C10-HSL and 3-Oxo-C12-HSL [16].
We also detected a C14:1-HSL in culture supernatants ofM.
extorquens AM1. Unsaturated long-chain acyl-HSLs have
been previously puriﬁed from the cultures of R. sphaeroides
(C14:1-HSL) [19], R. leguminosarum biovars (3-OH-C14:1-
HSL) [20,21], and P. ﬂuorescence F113 (3-OH-C14:1-HSL)
[24]. S. meliloti has been shown to produce the unsaturated
long-chain acyl-HSLs C16:1-HSL and 3-oxo-C16:1-HSL
[25,26]. In addition to the long-chain acyl-HSLs, we detected
short-chain acyl-HSLs, C6-HSL and C8-HSL. These acyl-
HSLs have been reported to act as auto-inducer molecules in
a number of Gram-negative bacteria [1,2]. We also identiﬁed
the genes responsible for the biosynthesis of the four acyl-
HSLs in M. extorquens AM1 and designated those as msaI
(RMQ10089, directing C6- and C8-HSL production) and mlaI
(RMQ23095, directing C14:1- and C14:2-HSL production).
The proteins translated from these genes are predicted to
belong to the LuxI family of acyl-HSL synthases, according
566 C.G. Nieto Penalver et al. / FEBS Letters 580 (2006) 561–567to the sequence similarities and the presence of 10 conserved
amino acid residues that are essential for the catalytic activity
[27]. In other bacteria, acyl-HSL molecules are synthesized
either by LuxI homologs or members of the two other known
families of acyl-HSL synthases, LuxM and HtdS [2,27].
The comparison of culture supernatants fromM. extorquens
AM1 grown under methylotrophic (i.e., methanol) versus non-
methylotrophic (i.e., succinate) conditions indicated that C6-
and C8-HSL were produced under both growth conditions,
and were apparently lactonolysed if the buﬀering capacity of
the standard succinate growth medium was not increased.
However, the C14:1- and C14:2-HSLs could not be detected
in succinate medium in the absence of methanol. We might
therefore speculate that methanol is a carbon source inducing
long-chain acyl-HSL synthesis in the methylotroph. In this re-
spect it is noteworthy that environmental stimuli, and especially
the nature of the carbon sources have a powerful inﬂuence on
the type of autoinducer molecule, AI-2, generated in Esche-
richia coli [28]. Also, it has been shown in S. marcescens that
bioﬁlm formation and swarming motility could be rendered
QS-independent by manipulating the growth medium [29].
The description of the two QS systems in M. extorquens AM1
with its signal molecules and the identiﬁcation of their acyl-
HSL synthetases will be the basis for further research toward
understanding the relevance of these systems for the bacterium
and to investigate the traits that are controlled by these systems.
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the discovery of acyl-HSLs with double unsaturated side
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